Fulminant hepatic failure (FHF) is a clinical syndrome characterized by sudden and severe liver dysfunction. Apoptosis and inflammation are essential for the pathogenesis of FHF. Crocetin, the major component present in saffron, has been reported to possess anti-inflammatory and antioxidant functions; however, its role in FHF is poorly understood. The aim of this study was to explore the protective effects of crocetin against lipopolysac § §charide (LPS)/D-galactosamine (D-GalN)-induced FHF and the underlying mechanisms in a rat model. For the in vivo study, rats were assigned to the LPS/D-GalN group or to the crocetin pre-treatment+LPS/D-GalN group. Each group was then further divided according to the different LPS/D-GalN treatment times of 0, 6, 12 or 48 h. The results demonstrated that crocetin pre-treatment efficiently protected against LPS/D-GalN-induced FHF by improving liver tissue morphology, reducing total bilirubin generation and decreasing the activities of alanine transaminase and aspartate aminotransferase. Moreover, crocetin pre-treatment significantly decreased hepatocyte apoptosis, p53 mRNA expression and the expression of proteins in the caspase family and the Bcl-2 pro-apoptotic family following LPS/D-GalN treatment. Furthermore, crocetin also decreased the secretion of pro-inflammatory cytokines in the serum and in the liver via suppression of NF-κB activation, and also suppressed hepatic oxidative stress. In conclusion, crocetin protected against LPS/D-GalN-induced FHF and inhibited apoptosis, inflammation and oxidative stress. The underlying mechanisms may be related to the regulation of apoptotic proteins in the caspase family and the Bcl-2 family, as well as the modulation of NF-κB expression. Therefore, crocetin may be used as a novel therapy for preventing FHF.
Introduction
The liver is vulnerable to various factors, such as bacteria, hepatitis viruses, alcohol, hepatotoxic drugs and oxidative products leading to hepatic failure (1, 2) . Fulminant hepatic failure (FHF) is a severe clinical syndrome characterized by massive hepatocyte apoptosis with a high mortality rate (60-80%) (3) . The high mortality rate of acute liver failure often requires liver transplantation (4) . Although liver transplantation is a highly successful treatment, it is severely limited by the shortage in donor organs (5) . Therefore, identifying an effective medical therapy is important. D-Galactosamine (D-GalN) and lipopolysaccharide (LPS)-induced liver injury is a well-established experimental model that closely resembles human fulminant hepatitis in both morphological and functional features (6) . Increasing evidence demonstrates that inflammatory responses are important pathogenic factors that contribute to LPS/D-GalN-induced FHF (7) . D-GalN is a specific hepatotoxic agent that increases the lethal effects of LPS (8) . Stimulation by LPS can trigger the Toll-like receptor 4 signalling pathway and can activate NF-κB to release pro-inflammatory cytokines such as tumour necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6, which have pivotal roles in the pathogenesis of LPS/D-GalN-induced acute hepatitis (9) . Therefore, inhibiting inflammation may be a potential preventive measure for the development of FHF.
Crocetin, the major component present in saffron, is a 20-carbon chain molecule containing six double bonds with a carboxylic acid group at each end (10, 11) . In the past few decades, an increasing amount of evidence has identified that crocetin has promising anti-inflammatory, antioxidant and neuroprotective properties (12) . Investigation into the hepatoprotective effects of crocetin determined that crocetin administration increased the survival of rats during resuscitation post-haemorrhage (13) and protected against CCl 4 -induced liver damage (14) . However, its role in FHF remains poorly elucidated.
Therefore, to better understand the effects of crocetin on FHF, the present study established an FHF model using LPS/D-GalN and evaluated hepatic apoptosis and inflammation following crocetin pre-treatment.
Materials and methods
Animals and their diets. A total of 60 male Wistar rats (63-70 days old; 180-200 g) and their food were obtained from Guangdong Medical Laboratory Animal Centre. All rats were maintained in a 12-h light/dark cycle at a constant temperature and humidity (22±3˚C and 50±20%, respectively) with ad libitum access to food and water.
Experimental protocol. Animals were randomly assigned to one of the three following groups with 20 rats per group: i) Control; ii) LPS/D-GalN; or iii) crocetin+LPS/D-GalN. Each group was then further divided into four subgroups according to the time of assessment: 0, 6, 12 or 48 h. Animals in the LPS/D-GalN group received an intraperitoneal injection of 300 mg of D-GalN per kg of body weight (Sigma-Aldrich; Merck KGaA) and then were injected intradermally with 50 mg of LPS per kg of body weight (Sigma-Aldrich; Merck KGaA) (15) . Rats were sacrificed after 0, 6, 12 and 48 h after LPS/D-GalN injection. Animals in the crocetin+LPS/D-GalN group were pre-treated with 200 µl of 5 µmol/l crocetin once, (Sigma-Aldrich; Merck KGaA) (16,17) 1 day before the injection of LPS/D-GalN. Furthermore, no treatment was performed on the rats in the Control group. All the rats were anaesthetized with avertin (250 mg/kg) and sacrificed by exsanguination from the femoral artery. Liver and 100 µl blood samples were collected for subsequent analysis. All rats received humane care according to the Guidelines for the Care and Use of Research Animals established by Southern Medical University and the experimental protocol was approved by the Ethics Committee of the Fifth Affiliated Hospital of Southern Medical University.
Haematoxylin and eosin (H&E) staining. Livers were fixed in 4% paraformaldehyde solution for 24-36 h at room temperature. The fixed samples were embedded in paraffin. Microtome sections were prepared (5 µm thickness) and stained with H&E according to Xin et al (18) . The histology images (magnification, x100 and x400) were captured using a light microscope (Shanghai Optical Instrument Factory No. 1).
Biochemical evaluation of serum. After centrifugation for 10 min at 4°C (300 x g; Centrifuge 5804R), the activities of alanine transaminase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) in the rat serum were determined using an automatic biochemical blood analyser (cat. no. 7600-210; Hitachi High-Technologies Corporation). IL-6 (cat. no. ml002828), IL-1β (cat. no. ml003549) and TNF-α (cat. no. ml002859) concentrations were detected using commercial ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd.) according to the manufacturer's instructions. The activities of malondialdehyde (MDA; cat. no. A003-1-2) and superoxide dismutase (SOD; cat. no. A001-3-2) were detected using commercial kits from Nanjing Jiancheng Bioengineering) according to the instructions of the manufacturer.
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted using TRIzol ® (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Quantitative and qualitative analyses of isolated RNA were assessed from the ratio of absorbance at 260 and 280 nm by a Biophotometer Plus (Eppendorf) and 1% agarose gel electrophoresis. Complementary DNA was synthesized from 1 µg of total RNA using the commercial Moloney Murine Leukaemia Virus reverse transcriptase kit (Promega Corporation) according to the manufacturer's instruction. Primer sequences for the rat genes were designed and selected using Primer 5.0 (Premier Biosoft International) and Oligo 7.0 software (Molecular Biology Insights, Inc.), as presented in Table I . GAPDH was used as a housekeeping gene to normalize target gene transcript levels. qPCR was performed using SYBR-Green qPCR Super Mix (Invitrogen; Thermo Fisher Scientific, Inc.) and the ABI StepOne Real-Time PCR System or the 7500 Fast Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The thermocycling conditions were as follows: 2 min at 50˚C, 2 min at 95˚C, followed by 40 cycles of 15 sec denaturation at 95˚C, 32 sec annealing/extension at 60˚C then a final melting curve analysis to monitor the purity of the PCR product. The 2 -∆∆Cq method was used to quantify mRNA abundance (19) . Relative gene expression levels were normalized to GAPDH.
Western blot analysis. Liver tissue lysates were prepared by adding 10 µl phenylmethylsulfonyl fluoride and 10 µl protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) into 1 ml radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). Liver tissues (100 mg) were resuspended in 500 µl cell lysis buffer and were homogenized and rocked for 30 min on ice. Crude lysates were then centrifuged at 12,000 x g for 10 min at 4˚C. Equal amounts (20 µg) of protein from each sample were subjected to 10% SDS-PAGE and then proteins on the gel were transferred to polyvinylidene difluoride membranes 
Gene
Primer sequence
IL-1β, interleukin-1β; TNF-α, tumour necrosis factor-α; iNOS, inducible nitric oxide synthase; F, forward; R, reverse.
(EMD Millipore). Membranes were blocked with 5% skim milk at room temperature for 1 h and were then incubated with the primary antibodies anti-GAPDH . Briefly, fresh liver was removed and the liver mononuclear was immediately isolated. Isolation of liver mononuclear cells was achieved by cutting the organ into small pieces and then grinding samples with glass rod on a 200 mesh (200 holes/cm) stainless steel cell strainer. Following sufficient grinding, the cells were collected by centrifugation at 300 x g for 5 min at 4˚C. Cells were washed twice with PBS to obtain the purified hepatocytes. Subsequently, cells were digested with 0.25% trypsin and collected by centrifugation at 300 x g for 5 min at 4˚C. After being washed twice with PBS, the cells were stained with Annexin V-FITC for 15 min and PI for 5 min at room temperature. The apoptotic cells were identified by flow cytometry (LSRFortessa; BD Biosciences).
Statistical analysis. Statistical analysis was performed using the SPSS 18.0 software (SPSS, Inc.) and the figures were produced with GraphPad Prism 5.0 software (GraphPad Software, Inc.). All data are presented as the mean ± standard deviation. Differences between groups were examined using one-way analysis of variance with Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Crocetin attenuates LPS/D-GalN-induced FHF in the liver.
Histological slides were stained with H&E and were analysed at x100 and x400 magnification (Fig. 1 ). In the LPS/D-GalN (Fig. 1A) . However, preservation of liver tissue following 6 and 12-h LPS/D-GalN induction was observed in crocetin-pre-treated rats. However, 48-h LPS/D-GalN stimulation following crocetin pretreatment still led to eosinophilic changes and inflammatory infiltration with nuclear pyknosis and apoptotic features (Fig. 1B) .
Crocetin decreases the activities of ALT and AST and reduced the level of TBIL in serum. Exposure to LPS/D-GalN was associated with significant increases in the liver damage markers ALT, AST and TBIL at all assessment times (P<0.01; Table II ).
The highest values of these parameters were detected following LPS/D-GalN treatment for 48 h. Pre-treatment with crocetin significantly decreased the activities of ALT, AST and TBIL at all the assessment times compared to their counterpart LPS/D-GalN groups (P<0.01; Table II ).
Crocetin regulates LPS/D-GalN-induced hepatocyte apoptosis.
The percentage of apoptotic cells was augmented in rats receiving LPS/D-GalN in a time-dependent manner (Fig. 2) . Crocetin pre-treatment significantly decreased cell apoptosis following LPS/D-GalN treatment for 12 and 48 h (P<0.01; Fig. 2 ). To further detect the anti-apoptotic ability of crocetin, the expression levels of p53 and apoptosis-related proteins were measured in the LPS/D-GalN and the crocetin+LPS/D-GalN groups following 48 h of stimulation (Fig. 3) . The results demonstrated that p53 mRNA levels and the expression levels of apoptosis-related proteins, including caspase-3, -8, -9 and -12, tBID, Bim, and BAX, were significantly upregulated in the livers of rats following LPS/D-GalN treatment (P<0.01). With crocetin treatment, both the p53 level (P<0.01; Fig. 3A ) and the apoptotic protein levels (P<0.05; Fig. 3B ) were significantly decreased.
Crocetin decreases LPS/D-GalN-induced inflammation. Following 48-h LPS/D-GalN treatment, the liver inflammation level was investigated. mRNA expression levels of IL-1β, TNF-α and inducible nitric oxide synthase (iNOS) were significantly increased in the LPS/D-GalN treatment group (P<0.01; Fig. 4 ). Conversely, IL-1β, TNF-α and iNOS mRNA levels were significantly reduced (P<0.01) in the crocetin+LPS/D-GalN treatment group (Fig. 4) . ELISA data demonstrated that serum and hepatic IL-1β, TNF-α and IL-6 concentrations were significantly elevated in rats receiving LPS/D-GalN (P<0.05) but significantly decreased by crocetin treatment (P<0.05; Fig. 5 ). Moreover, hepatic NF-κB expression was significantly increased with LPS/D-GalN treatment (P<0.05) but was significantly decreased following crocetin administration (P<0.05; Fig. 6 ). The results of the current study indicated that crocetin could decrease LPS/D-GalN-induced hepatic inflammation.
Crocetin decreases LPS/D-GalN-induced oxidative stress.
As demonstrated in Table III, 
Discussion
The LPS/D-GalN-induced animal model of FHF is strongly relevant to human liver failure and has been widely used to investigate the mechanisms of and potential therapeutic drugs for clinical FHF (20) . As anticipated, the present results confirmed that LPS/D-GalN stimulation for 6, 12 and 48 h induced severe liver damage, which manifested as altered liver morphology, increased TBIL levels and enhanced ALT and AST activities. The pathological condition of severe liver injury is characterised by significant elevations of ALT, AST and TBIL in the serum (21) (22) (23) (24) . However, crocetin pre-treatment effectively improved the structural integrity of parenchymal hepatocytes and decreased these biochemical indicators for liver injury, evidencing the protective effect of crocetin against FHF. Apoptosis is a complicated biological process that regulates fulminant hepatic cell division and death (14, 25) . In the present study, apoptotic hepatocytes were detected using flow cytometry. The results demonstrated that the number of apoptotic cells was increased by LPS/D-GalN treatment in a time-dependent manner, whereas crocetin significantly decreased the number of apoptotic cells following LPS/D-GalN treatment for 12 and 48 h. Furthermore, the tumour suppressor p53 is a key protein in preventing cell transformation and tumour progression. Activated by a variety of stimuli, p53 regulates cell cycle arrest and apoptosis (26) . In the present study, the elevated hepatic p53 expression in rats that had received LPS/D-GalN for 48 h was decreased following crocetin pre-treatment. In addition, massive activation of caspases is a crucial process during the induction of apoptosis and is associated with the pathogenesis of acute hepatic failure (27) . Caspase-8 triggers the extrinsic apoptotic pathway, whilst caspase-9 triggers the intrinsic pathway (28) . Caspase-12 is an endoplasmic reticulum (ER)-specific caspase that is specifically activated by disturbances to ER homeostasis (29) . Caspase-3, the predominant downstream effector, can be activated by caspase-8, -9 and -12 (30) . In addition, the Bcl-2 family proteins BAX, Bim and tBID (the activated form of BID) translocate to the mitochondria and mediate the permeabilization of the outer membrane, thereby facilitating apoptosis (31, 32) . In the present study, western blot analysis demonstrated that the expression of caspase-3, -8, -9 and -12, BAX, Bim and tBID was upregulated following LPS/D-GalN treatment, but crocetin effectively downregulated the expression of all the pro-apoptotic proteins. Taken together, the aforementioned findings suggested that crocetin can attenuate apoptosis by decreasing the expression of p53 and pro-apoptotic proteins. Inflammation is considered to be a strongly interrelated biological event involved in the pathogenesis of FHF (33) . Previous studies have demonstrated that LPS/D-GalN-induced FHF was accompanied by the release of multiple pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6, from liver cells (1, 33) . The present study determined that crocetin pre-treatment effectively decreased the expression of hepatic TNF-α and IL-1β as well as reducing the secretion of serum TNF-α, IL-1β and IL-6 in an FHF rat model. In addition, NO is a highly reactive oxidant produced by parenchymal and nonparenchymal liver cells from L-arginine via the action of iNOS (34) . In animal models, NO synthases are involved in the pathogenesis of hyperdynamic circulation (35) (36) (37) (38) , and the role of iNOS in causing liver damage in FHF has been demonstrated in LPS/D-GalN-treated animals (38, 39) . In the present study, increased iNOS mRNA expression was observed in the LPS/D-GalN group, whilst crocetin treatment dramatically downregulated the hepatic iNOS level. The expression of iNOS is tightly regulated by the transcriptional factor NF-κB, which promotes the secretion of cytokines including TNF-α, IL-1β and IL-6 and has a pivotal role in animals models of FHF (40, 41) . Therefore, the present study analysed NF-κB expression in the liver. In line with the cytokine level results, crocetin pre-treatment also significantly inhibited the NF-κB level in rats following LPS/D-GalN stimulation. Taken together, the present findings indicated that crocetin attenuated inflammation in an FHF rat model by decreasing the generation of cytokines by inhibiting NF-κB.
FHF can induce oxidative stress (42) . Therefore, the oxidative stress level in the liver was analysed. MDA is a lipid peroxidation product and SOD is a well-studied antioxidant enzyme (43) . In the present study, LPS/D-GalN treatment increased the MDA levels and decreased the SOD activity. By contrast, crocetin pre-treatment reduced MDA generation and elevated SOD activity. These results indicated that crocetin may ameliorate oxidative stress caused by LPS/D-GalN.
In conclusion, the present study demonstrated the beneficial effect of crocetin against LPS/D-GalN-induced FHF where it decreased the secretion of pro-inflammatory cytokines via inhibition of NF-κB, whilst also attenuating hepatocellular apoptosis and oxidative stress. Thus, crocetin may be a potential and promising agent for preventing FHF.
